is an open access repository that collects the work of Arts et Métiers ParisTech researchers and makes it freely available over the web where possible. A B S T R A C T The effects of wire brush hammering on low cycle fatigue behaviour of AISI 316 austenitic stainless steel has been investigated on turned samples through an experimental study combining strain controlled fatigue tests, scanning electron microscope examination and X-ray diffraction analysis. An increase in fatigue life by 266% was reported at an imposed strain amplitude of Δε t /2 = 0.2%. This improvement is limited to Δε t /2 ≤ 0.5%. It is found that wire brush hammering produces a surface texture that favours, under cyclic loading, nucleation of randomly dispersed short cracks of the order of 50 μm in length stabilized by a compressive residual stress field. In contrast, turned surface showed much longer unstable cracks of the order of 200 μm in length nucleated in the machining groves and propagated under the effect of a tensile residual stress field. It has also been established that wire brush hammering can be used as intermittent treatment to improve the residual fatigue life of components subjected to cyclic loading. The treatment is very efficient if it is performed at a fraction of service lifetime n i /N r lower than 0.5.
N O M E N C L A T U R E Hv 0.05 (Hv) = micro-hardness n i /N r = fraction of service lifetime Ra (μm) = mean roughness Rt (μm) = maximum roughness Δε p /2 (%) = plastic strain amplitude Δε t /2 (%) = total strain amplitude σ 0 (MPa) = residual stress in the loading direction σ 90 (MPa) = residual stress in the transverse direction
I N T R O D U C T I O N
Austenitic stainless steels are very important commercial alloys used almost in all industries including automotive, domestic, nuclear, chemical and food processing because of their good resistance to various forms of corrosion combined with satisfactory mechanical properties. These materials also have great aptitude for plastic deformation because of their high ductility. One of the most commonly used grade is AISI 316 stainless steel, which, when used in aerospace and nuclear and chemical industries, revealed other risks of damage in service, including fatigue and corrosion fatigue that depend mainly on the surface topography and on process-induced properties gradient in near surface region.
To improve the surface integrity, mechanical surface treatments such as shot peening, [1] [2] [3] ball burnishing, 2, 4 deep rolling, [5] [6] [7] hammering, 8 laser shock peening 5,9 and brushing 10, 11 have been performed on engineering components. These treatments proved to produce significant improvements in terms of fatigue crack initiation and growth resistance as well as stress corrosion cracking resistance. These improvements were largely attributed to induced cold work hardening and compressive residual stress field on surface and in subsurface region.
The shot peening treatment remains the most widely used mechanical surface technique despite its negative effects on the micro-geometric quality of the surface, resulting from the impact of hard particles on the ductile material. Such damages have proven to reduce both resistance to localized corrosion, which is one of the main selection criteria of these materials, and the initiation and the first stages of propagation of fatigue cracks due to local micro-stress concentration sites associated to the craters resulting from the treatment. Fathallah et al. 1 reported a beneficial effect of shot peening on high cycle fatigue of SAE 3415 caused by compressive residual stress and surface work hardening generated by the treatment in spite of the formation of superficial defects and surface imperfections. This improvement is reported for only a standard 100% coverage, whereas for a severe condition of 1000% coverage, the treatment has become detrimental because of the formation of excessive superficial defects and the micro-geometrical imperfections, which act as stress micro-concentrators favouring surface crack nucleation.
In order to reduce the detrimental effect of excessive surface roughness induced by shot peening, less aggressive techniques were developed. Among these techniques, laser peening, 9 ball and roller burnishing 4 and more recently hammering by wire brush [10] [11] [12] were used to replace the shot peening. The efficiency of these techniques has been demonstrated for high cycle fatigue strength of steels and aluminium alloys. [9] [10] [11] Laser peening without protective coating applied on SUS304 and SUS316L austenitic stainless steels increased the fatigue strength at 10 8 cycles by a factor of 1.4 and 1.7 compared to the base untreated material in the full heat treated and stress-relieved conditions, respectively. 9 This improvement is attributed by the authors to the conversion of the initial residual stress state near the surface from tensile to a compressive one that reached values up to À1100 MPa for SUS304 and À780 MPa for SUS316L, respectively. This compressive residual stress reached depths as high as 1 mm. Zhang et al. 13 showed that roller burnishing is more effective than shot peening in enhancing the fatigue life. Indeed, the roller burnishing, when used at the optimum conditions, improves the high cycle fatigue strength by 110% for AZ80. Concerning wire brushing, Sidhom et al. 11 reported that brushing produced compressive residual stresses in the same order as the ones generated by shot peening with the advantage of producing high surface quality to enhance the high cycle fatigue strength by a factor of 20 to 30% for the aluminium alloy AA5083H11. Similarly, Ben Fredj et al. 10 investigated the effects of wire brushing on the ground surfaces of AISI 304. They applied three-point bending elastic strain controlled fatigue tests of notched ground samples and found that the brushing operation led to a higher micro-geometrical quality of the surface that increased the endurance limit at 2 × 10 6 cycles by 26%. This process raised the fatigue strength from 226 to 285 MPa. It appears that this improvement in fatigue decreases rapidly when lower cycles or higher strain fatigue is considered. Moreover, in this high cycle fatigue regime, Ben Fredj et al. did not observe a phase transformation induced by fatigue deformation as observed in other cases. 9, 14 The present work aims at proving the numerous technical and economical advantages of the wire brush hammering as an industrial surface mechanical treatment of ductile material parts for plastic fatigue enhancement. Among these advantages are an easy way to implement online production, low cost comparative to other surface 
M A T E R I A L A N D E X P E R I M E N T A L P R O C E D U R E S

Material
The material investigated in this study is an AISI 316 austenitic stainless steel. The microstructure of the material is shown in Fig. 1 . The chemical composition and the tensile mechanical properties in the solution treated condition are presented in Tables 1 and 2 , respectively.
Wire brush hammering
Wire brush hammering was applied to the fatigue samples of the AISI 316 stainless steel, which are obtained by turning (Fig. 2) . The cutting parameters for the turning process are given in Table 3 . The wire brush hammering operations were conducted on the turned surfaces using stainless steel wire brush as illustrated in Fig. 3 . The wire brush characteristics as well as the brushing conditions are given in Table 4 . These brushing parameters, which are selected for this study, produce high magnitude and depth of compressive residual stresses without significantly increasing the roughness of the surface. These parameters are required for fatigue life improvement. The condition of wire brush hammering is selected on the basis of the result of a study of the effects of brush rotation speed on the near surface aspects and properties of AISI 316 stainless steel. These results are illustrated in Fig. 4 . It shows that wire brushing using a brush with the characteristics given in Table 4 leads to a hammered surface similar to that of shot peening for a brush rotation speed higher than 1000 rpm.
Performed tests
Surface characterization tests
Surface hardening induced by turning and wire brush hammering processes and its evolution under cyclic loading was evaluated by micro-hardness (Hv 0.05 ) measurements in accordance with ASTM: E384-09. Near surface residual stresses induced by the previously cited processes and their relaxation under cyclic loading were carried out using a Proto LXRD diffractometer (single axis goniometer with Ω geometry). The sin 2 Ψ method was used with the diffraction conditions given in Table 5 in accordance with the NF EN 15305-2009 standard. 15 The in-depth residual stress distribution was determined through iterative electrolytic removal of thin surface layers, using a solution of sulfuric acid (12.5% by volume) and methanol (87.5% by volume).
For initial residual stress distribution, several measurements were carried out in order to verify the homogeneity of the treatment. For stabilized residual stresses, measurements were performed on fatigue samples after failure in a region far enough from the fracture surface (5-10 mm).
Fatigue tests
Tension-compression low cycle fatigue tests (R σ = À1) were performed at different total imposed strain amplitudes of Δε t /2 = 0.1, 0.2, 0.3, 0.5, 0.7 and 1% according to ASTM: E606-04. The frequency was set at 0.1 Hz. The fatigue tests were conducted until fracture of the sample occurred. Hysteresis loops were recorded during the fatigue tests to assess the impact and the improvement limitation of the wire brush hammering operation on the total fatigue life of the sample. In addition, intermittent wire brush hammering operations were carried out on samples at different fractions of the fatigue life to assess the improvement of their residual lifetime.
Fatigue crack examination
Surfaces of unloaded and loaded fatigue specimens as well as fatigue fractured surfaces have been observed using an SEM. Histograms of crack length and depth distributions have been established for quantitative analysis of the role of surface characteristics on the initiation and propagation of fatigue crack resistance. 
R E S U L T S
Surface quality evaluation
The different surface characteristics for the turned and wire brush-hammered samples are summarized in Table 6 .
Surface aspects and roughness
The surface topography is characterized by mean (R a ) and maximum (R t ) roughness values as indicated in column A of Table 6 . The SEM examination reveals that the surface texture for the turned samples is marked by grooves as illustrated in Fig. 5 , whereas wire brushhammered samples present an aspect of blasted surface as a result of successive strikes of the steel wires of the brush on the surface. These features are shown in Fig. 6 .
Near surface cold work hardening
The plastic-induced cold work hardening was described by micro-hardness profiles (Hv 0.05 ) as seen in Fig. 7 . A stronger hardening gradient for the wire brushhammered surface compared to the machined surface is clearly observed. A surface hardness of 440 Hv is measured for the wire brush-hammered material, whereas only a value of 330 Hv is measured for the machined surface. These values are compared to the bulk hardness of the material, which is equal to 200 Hv. Therefore, the rate of the hardening of the surface with respect to the bulk material is increased by 120 and 65 % for the wire brushhammered and for the turned surfaces, respectively, as shown in column B of Table 6 . The extent of the cold work hardening is comparable for both surface preparation modes (turned and brush-hammered), and it reached approximately 200 μm underneath the surface.
Near surface residual stress
Machining and wire brush-hammering operations induce residual stresses in the processing-affected layers. In the case of wire brush hammering, the residual stresses are generated by wire brush bombarding of the surface leading to plastic deformation of thin surface layers. The plastic deformation changes the dislocation density and the inter-planar spacing of the crystal lattice, which is evaluated by X-ray diffraction. The elastic subsurface layers should theoretically recover to their original shape during unloading. However, continuity conditions between the elastic and plastic zones do not allow for this to occur. Consequently, a compressive residual stress field is developed in the near surface layer while tensile residual stresses are present underneath the layer. Globally, the residual stress field is self-equilibrated as illustrated by residual stress profile (Fig. 8) . The profile of turning-induced residual stress is compared to that of the hammering-induced one in Fig. 8 . The near surface residual stress levels are reported in column C of Table 6 . It shows that turning induces tensile residual stress (σ 90 = 340 MPa) in the transversal direction, which is converted to a compressive one (σ 90 = À750 MPa) by the wire brush-hammering operation. This last has a value higher than the yield and ultimate strength of bulk material but certainly below those of the highly deformed layers. Indeed, the excessive bombardment of the surface by the wire brush induces a significant work hardening (i.e. an increase of the yield strength) in the near surface layers as illustrated by the hardness profile ( Fig. 7) and consequently the mechanical properties, which are related to the treatment-induced deformation substructure in the upper layer. For this material (AISI 316), higher tensile residual stress (above 1000 MPa) has been reported by Moussa et al. 16 after turning in orthogonal cutting conditions. Residual stress profiles originated by processing-induced plasticity could well be correlated with the hardness profiles given in Fig. 7 . These profiles show a deep affected layer by the brushing operation (150-200 μm) compared to the turning process (50-100 μm). The brushing-induced residual stresses are almost the same for both axial and transversal directions. The values of the surface brushed residual stresses are relatively comparable to those usually generated by shot peening treatment whereas the depth of the affected layer is lower.
Fatigue life evaluation
Fatigue lifetime results of the initial and intermittent wire brush hammering are compared to those of the turned state in order to evaluate the rate of improvement resulting from these treatments. 
Effect of initial wire brush hammering
Cyclic stress versus number of cycles curves of wire brush-hammered surfaces show a strengthening followed by a softening phase before fracture for all imposed strain amplitudes ( Fig. 9a & b) . It is important to notice that cyclic strengthening is more important as the strain amplitude is higher.
Results of fatigue life reported in Table 7 show a considerable gain in terms of the number of cycles to failure resulting from wire brush hammering treatment compared to turning, which is considered as a reference state. Indeed, the fatigue lifetime at Δε t /2 = 0.2% for the wire brush-hammered sample is found to be 266% higher with respect to the turned sate. However, this increase of fatigue lifetime is reduced as the strain amplitude is increased. Therefore, the efficiency of wire brush hammering is shown to be limited to total strain amplitudes Δε t /2 = 0.5%. On the contrary, the beneficial effect of the mechanical brush hammering after machining is completely cancelled or even reversed when the imposed strain amplitude becomes more important. Indeed, for the imposed strain amplitudes of Δε t /2 = 0.7% or 1%, the fatigue lifetime of wire brush-hammered samples is slightly lower than that of the turned samples. Consequently, 0.5% total imposed strain amplitude could be considered as the upper limit parameter for fatigue life improvement by wire brush hammering of AISI 316 stainless steel.
Effect of intermittent wire brush hammering
The efficiency of intermittent wire brush hammering as an onsite residual service lifetime improvement method of AISI 316 components subjected to low cyclic plastic deformation has also been assessed. Therefore, intermittent wire brush hammering treatments have been performed on the turned surface at various lifetime fractions n i /N r = 0.16, 0.25 and 0.5 and at various strain amplitudes of Δε t /2 = 0.2, 0.3 and 0.5%. The efficiency of the intermittent wire brush hammering is evaluated Fig. 9 Cyclic stress versus number of cycles curves at different strain amplitudes for (a) turned samples and (b) wire brush-hammered samples. experimentally by the rate of residual fatigue lifetime increase. The results summarized in Table 8 show that intermittent brush hammering remains an efficient surface treatment to extend the residual service lifetime of AISI 316 components loaded at imposed strain amplitudes Δε t /2 ≤ 0.5%. Moreover, the intermittent treatment is more beneficial when it is performed at low n i /N r values. In all cases, brushing performed at n i /N r higher than 0.5 is considered to be an inefficient improvement operation. Nevertheless, a significant improvement in the residual lifetime at Δε t /2 = 0.2%, ranging from 160 to 6% is reported when the brushing operation is applied on the surface sample at n i /N r = 0.16 and n i /N r = 0.5 of the total life of the component, respectively. For strain amplitudes of Δε t /2 of 0.3 and 0.5%, the improvements of the residual life are less significant. They range between 59 and 10%.
Effects of surface characteristics on the fatigue crack nucleation and growth
The fatigue life improvements reported for the initial and intermittent wire brush hammering are likely to be controlled by the effects of residual stress, by cold work hardening and by surface texture on the fatigue crack nucleation and growth.
Effects of stabilized residual stress and cold work hardening on fatigue crack nucleation
The initial residual stress distribution induced by turning or wire brush hammering could be altered under cyclic loading. Therefore, the near surface stabilized residual stress values have been determined by X-ray measurements performed on the fatigue samples away from the fractured surface. The results summarized in Table 9 show no or a slight relaxation of the near surface residual stress at low imposed strain amplitudes (Δε t /2 = 0.5%) for both machined and wire brush-hammered treatments. However, for high strain amplitudes, the stabilized residual stress of turned surface undergoes an important relaxation (transversal direction) or shifts gradually to compressive value because of higher cyclic plastic deformation (loading direction). As for the brush-hammered surface, the same phenomenon seems to occur. The high stability of brush hammering compressive residual stress is due to the effect of high and deep cold work hardening induced by this process compared to machined one as illustrated in Fig. 6 . Then, the beneficial effects of the brushing induced compressive residual stresses, and cold work hardening on the fatigue crack nucleation strength is maintained for imposed strain amplitudes lower than 0.5% as it is confirmed by the fatigue life enhancement reported in Table 7 . The major fraction of residual stress relaxation occurs, as reported by several authors, 17, 18 during the first loading cycle as an effect of static loading resulting from loading at levels exceeding the material yielding, which produces a change of plastic misfit between surface layer and bulk material. Then, the relaxation does not occur when the total (applied and residual stress) is below the material yield stress. During cycling, the relaxation gradually increases depending on material behaviour, loading conditions and number of cycles. It is also reported that the greater the applied tension or imposed strain, the greater the relaxation of the residual stress. 19, 20 This phenomenon has been globally observed in this study for both machined and wire brushed conditions although the quantitative comparison with literature data is not possible because of the difference of materials and loading conditions.
Effects of surface texture on the distribution of fatigue crack nucleation sites SEM analysis of the fatigue sample surfaces revealed different distributions of fatigue crack initiation sites for each surface preparation mode.
(a) Turned surface: cyclic loading produces short microcracks of 50-200 μm in length initiating exclusively in the machining grooves as shown in Fig. 10a . These grooves act as preferential sites for fatigue crack nucleation because they represent local stress concentration zones. Interaction between the stress fields at the tip of each micro-crack will cause coalescence across the narrow grooves (Fig. 10b) . The coalescence produces longer fatigue crack of few millimetres in length encircling the sample and perpendicular to the loading direction (Fig. 10c) . One of these long cracks leads eventually to propagation in depth until fracture of the sample. (b) Wire brushed surface: in this case, short fatigue micro-cracks of length between 20 and 50 microns (arrows) are randomly distributed with no evident dependence on the surface texture (Fig. 11a) . Therefore, the coalescence is delayed with respect to the turned case characterized by fatigue microcracks localized inside the narrow grooves. These cracks will also coalesce after a greater number of loading cycles and produce long fatigue cracks of the order of 100-500 μm in length (Fig. 11b) .
Eventually, one of these cracks will produce the final fracture. These cracks are presumed to be more stable with respect to coalescence and propagation under the effects of the brushing-induced compressive residual stress field (À490 MPa). This stress field impedes considerably their growth and coalescence even after partial cyclic relaxation, as observed in Table 9 . These observations explain well the fatigue life improvement produced by the brush hammering operation (60 529 cycles) compared to the turning process (34 556 cycles) of samples loaded under the same conditions (Δε t /2 = 0.3%).
Effects of cold work hardening and residual stress on fatigue crack propagation
Propagation of surface-nucleated fatigue cracks has been evaluated by the statistical distribution of the depth in cross-sectional cuts of the fatigue samples and by surface fracture characteristics of both turned and wire brushhammered surfaces:
(a) Depth of fatigue cracks SEM analysis of cross-sectional cuts of the fatigue samples tested at Δε t /2 = 0.3% revealed a different depth distribution of the surface-nucleated fatigue cracks depending on the surface preparation mode (Fig. 11) . It has been observed that surface-nucleated fatigue cracks propagate more rapidly for the turned case than for the wire brush-hammered one. Indeed, a qualitative examination of cross sections of the samples revealed a multitude of short cracks of the order of 50 μm in length, whereas more and shorter cracks are seen on the wire brush-hammered surface as illustrated in Fig. 12a and b. A histogram of crack density as a function of crack depth indicates that the fraction of damaging cracks (l ≥ 200 μm) is greater for the turned surface than for the wire bush hammered one (Fig. 13 ). This distribution in fatigue micro-cracks depth is consistent with surface fatigue crack distribution as illustrated in SEM micrograph taken at high magnification (Fig. 14) . Then, it is demonstrated that wire brush-hammered surface
Fracture surface presents a better resistance in terms of crack propagation than the turned surface. This behaviour could be attributed to the beneficial effect of the stabilized compressive residual stresses induced by the wire brush hammering operation on the propagation of the initiated cracks.
(b) Fracture surface SEM fatigue fracture surfaces indicate that crack initiation is produced on the surface of the sample for both surface preparation modes as seen in Fig. 15a . However, the propagation from these initiation sites occurs in a brittle manner through the hardened layer produced by turning or wire brush hammering operations as seen in Fig. 15b . This hardened layer is of the order of 200 μm as expected from the hardness profiles given in Fig. 6 . After this hardened layer, the fatigue cracks propagate in a ductile manner producing the classical fatigue striations as seen in Fig. 15c . Then, it is demonstrated that cold work hardening, which is higher and deeper for wire brush hammering process, is detrimental for the propagation stage.
D I S C U S S I O N
The results of this study complete the already existing data on the relative improvement of high cycle fatigue crack resistance of different materials by surface brushing treatments. 10, 11, 21 In fact, it is established in this study that the beneficial effects of wire brush hammering could be extended to the low cycle fatigue regime of AISI 316 stainless steel. For this steel, fatigue life improvement equal to 266% was reported for a total strain amplitude Δε t /2 = 0.2%. This value is slightly lower than that reported for AISI 304 stainless steel, which reached a value of 307% at the same total imposed strain amplitude. 12 However, the improvement is limited to total deformation rates Δε t /2 ≤ 0.5% (corresponding to a plastic strain amplitude Δε p /2 ≤ 0.347%) as shown in Table 7 . In addition, it is also shown in this study that the beneficial effects of wire brush hammering in terms of prolonging the residual lifetime of components can be extended to be applied on site as an intermitted treatment. The efficiency of this intermittent treatment is more significant for strain amplitudes lower than 0.5% and only if performed in the early stages of the component service lifetime. It is found that this intermittent treatment increases the service lifetime of the sample by 160% when applied at n i /N r = 0.16. The efficiency of wire brush hammering as post-machining treatment resides in increasing the fatigue crack initiation and propagation resistance of surface layers, which are controlled by surface texture and stabilized near surface properties. It is shown through an investigation of surface characteristics related to crack initiation and propagation mechanisms that the wire brush hammering acts favourably in modifying the potential crack initiation sites, the residual stress state and the surface hardening phenomena. The combined effects of these three phenomena explain the low cycle fatigue life improvement of AISI 316 stainless steel when subjected to wire brush hammering as initial or intermittent treatments.
Efficiency of initial wire brush hammering SEM examination of the fatigue crack networks and fatigue fracture surface coupled with X-ray residual stress measurement prove that the experimentally assessed fatigue life improvements are the result of the beneficial effects of the treated surface such as surface texture, surface hardening and stabilized compressive residual stress. 
Contribution of surface texture
Unlike shot peening, 1, 22, 23 hammering by steel wire brush of the ductile AISI 316 stainless steel does not alter significantly the surface roughness and does not induce large defects as in the case of ductile material AISI 304 stainless steel 10, 12 and AA 5083. 11 It is found that the arithmetic average surface roughness, R a , increased slightly from 2.31 to 3.65 μm as a result of wire brush hammering whereas the maximum surface roughness, R t , increased significantly from 10.02 to 15.26 μm. These results are different from those generated by Ben Fredj et al. 10 on ground surfaces of AISI 304 stainless steel where they reported a decrease in R t values by 60% and no change in R a when the surface has received a wire brushing treatment. In addition, like shot peening, wire brush hammering treatment seems to reduce or eliminate the surface grooves produced during machining operation. These surface grooves obviously represent preferential sites for micro-stress concentration. Therefore, wire brush hammering modifies the surface texture and gives the material a specific topography such as overlaps as a result of the impact of the steel wires of the brush on the surface. These features, with much less depth than those of the grooves, regularly cover the surface of the sample. This phenomenon led to the formation of short fatigue crack networks that retard the crack propagation and coalescence under cyclic loading. This explains partially the improvement produced by the wire brush hammering treatment as evidenced by comparing Figs 10 and 11.
Contribution of surface cold work hardening
The turning process induces cold work hardening (330 Hv) of the sample surface comparative to the bulk material (200 Hv), whereas subsequent wire brush hammering produces much harder surface that reached a hardness of 440 Hv. The depth of the hardened layer is around 200 μm. This high surface hardness is expected to contribute significantly to the enhancement of fatigue crack initiation resistance near surface as reported in previous studies. 10, 12 Ben Fredj et al. 10 reported a 26% increase in the high cycle fatigue strength of a ground and brushed AISI 304 stainless steel sample, whereas Makhlouf et al. 12 reported an increase in low cycle fatigue life by 307% at a strain amplitude Δε t /2 = 0.2% for a turned AISI 304 stainless steel. This last value is of the same order of magnitude (266%) found in this study for AISI 316. It is clear that the induced hardened layer increases the nucleation stage resistance, whereas it accelerates the first stage of fatigue crack propagation as illustrated by SEM fractographs given in Fig. 15 showing the brittle aspect of the hardened layer fracture. Fig. 15 Fatigue fracture of wire brush-hammered surface: (a) initiation site at the surface, (b) brittle propagation in the hardened layer and (c) ductile fatigue striations outside the hardened layer. The fatigue test was performed at Δε t /2 = 0.3%.
Crack initiation site
Contribution of residual stress
It is well established that residual stresses have a significant effect on nucleation and growth of fatigue cracks during cyclic loading. The machining-induced tensile residual stress exhibits a detrimental effect by promoting long crack initiation (Fig. 10) and rapid propagation (da/dN = C(ΔK eff ) n ) resulting from high effective stress intensity (K eff ), which is the sum (K eff = K S + K RES ) of the stress intensity due to external loading (K S ) and the stress intensity due to the tensile residual stress (K RES ). On the other hand, the hammering-induced compressive residual stress near the surface caused shallow cracks (Fig. 11 ) that tend to propagate slowly than observed for machined case with tensile residual stress. In this case, the effective stress intensity is reduced by the negative residual stress intensity factor. These observations are in good agreement with both experimental and modelling results reported in the literature for both ductile and hard materials. 1, [10] [11] [12] 20, 25 Indeed, the turning process produces tensile or very low compressive residual stresses in both loading and transverse directions (σ 0 = À14 MPa in the loading direction and σ 90 = +340 MPa in the transverse direction), whereas subsequent wire brush hammering operation reverses those residual stresses to induce highly compressive ones (σ 0 = À846 MPa and σ 90 = À750 MPa in the same directions, respectively). Still, these residual stresses relax significantly when the sample undergoes imposed cyclic strain loadings at higher strain amplitudes as seen in Table 9 . The stabilized values remain compressive and therefore beneficial for fatigue crack nucleation and growth resistance. That is why the efficiency of wire brush hammering is more significant when the imposed plastic strain amplitude is low (Δε t /2 ≤ 0.2%) favouring high stabilized compressive residual stress.
It is obvious that wire brush-hammered surface has an advantageous texture in which fatigue crack nucleation networks are more stabilized by the compressive residual stress field leading to a higher fatigue life comparative to the turned surface. For the turned surface, unstable long cracks coalesce and propagate rapidly in a tensile or low plastic cyclic induced compressive residual stress field. As the strain amplitude is increased, the beneficial effects of the wire brush hammering operation are reduced as a result of cyclic stress relaxation as shown in Table 9 . These results are in good agreement with those obtained for shot-peened surfaces of ductile material [22] [23] [24] and brushed surface of AISI 304 12 and aluminium alloys 11, 21 Fatigue life improvement resulting from intermittent brushing operation
It is shown in this study that intermittent brushing that could be carried out on site on AISI 316 stainless steel components can indeed improve the residual fatigue lifetime of those components. However, this improvement can be achieved for strain amplitudes lower than 0.5% and when the treatment is performed early in the service lifetime characterized by n i /N r lower than 0.5. As it is reported in Table 8 , at a n i /N r = 0.25, the improvement rate of the residual lifetime is reduced from 47% at a strain amplitude Δε t /2 = 0.2-22% at a strain amplitude Δε t /2 = 0.5%. These improvements are comparable (53 and 24%, respectively) to those obtained for AISI 304 stainless steel under the same loading condition (Δε t /2 = 0.2 and 0.5%) and for the same surface preparation mode (turning and wire brush hammering). 12 This improvement is, as discussed previously, the result of the enhancement of the surface texture, surface cold work hardening and compressive residual stresses induced by the wire brush hammering operation. In addition, it is also reported that this improvement depends on strain amplitude. As the strain amplitude is increased, the improvement is reduced or annihilated.
C O N C L U S I O N S
Based on the investigation of the effects of the wire brush hammering operation as a method to improve service fatigue life of machined components in AISI 316 stainless steel, the following conclusions can be made:
• Surface changes Wire brush hammering operation did not alter significantly the surface topography in terms of roughness, but it reduced significantly the surface grooves produced during the turning operation. It also increased significantly the surface hardness from around 200 to 440 Hv. The depth of the hardened layer is around 200 μm. Moreover, this post-machining treatment shifts the tensile surface residual stress field (340 MPa) in the machined state to a compressive one (À750 to À840 MPa) in the brushed state. These residual stresses remain stable for imposed cyclic strain amplitudes Δε t /2 ≤ 0.5%.
• Low cycle fatigue life improvement An increase in fatigue lifetime by over 266% has been achieved for low strain amplitude of Δε t /2 = 0.2% by initial wire brush hammering. The improvement is limited to strain amplitudes Δε t /2 ≤ 0.5%. The intermittent wire brush hammering was found to be beneficial if performed in the early stages of the component service lifetime (n i /N r ≤ 0.3) and for strain amplitudes lower than 0.5%. These improvements are the result of the combined contribution of surface texture, strain hardening and stabilized compressive residual stress on the fatigue crack nucleation and growth resistance.
